The establishment of human embryonic stem cell (hESC) lines in 1998 served to set the pace for understanding the molecular biology behind the two hallmark features of stem cells: self renewal and pluripotency. The excitement was generated in the hope that understanding the molecular biology of hESCs would provide a good model for studying early human development, disease and drug discovery and also hold the promise for providing a cure for degenerative human diseases. In spite of the large number of studies, the molecular basis of pluripotency has remained a matter of intrigue ever since the embryonic stem cells (ESCs) were first identified. A considerable percentage of these studies have been transcriptome-based. Interestingly, significant differences are seen not only between mouse and human ESC transcriptomes but also amongst the hESC studies. Nevertheless, a key set of pluripotency genes seem to be common, reinforcing the utility of transcriptome-based approaches in identifying the molecular basis of pluripotency in hESCs.
INTRODUCTION
Embryonic stem cells (ESCs) are derived from the inner cell mass of embryos at the blastocyst stage (4-5 days postfertilization). Mouse embryonic stem cells (mESCs) were reported for the first time in [1] , while the first human embryonic stem cell (hESC) line was reported in [2] . The derivation of ESCs has brought a lot of excitement due to their hallmark features of self renewal and pluripotency. The ability to proliferate in an undifferentiated state for a prolonged period of time in vitro and the capability to differentiate into cells of different lineages [2] makes them distinct even from adult stem cells.
Most of our present knowledge of the pluripotent state has been contributed by studies on mESCs. A considerable number of studies have pinpointed Nanog, Pou5f1 and Sox2 as the key genes involved in the maintenance of pluripotency [3] [4] [5] [6] . Out of these, Pou5f1 which codes for a POU-domain transcription factor can be easily called the most well characterized ESC-specific gene. Its expression is necessary not only for pluripotency but also governs the three cellular fates following differentiation [7] [8] . In a major breakthrough study last year, it was shown that only four genes (Pou5f1, Sox2, c-Myc and Klf4) were required to generate induced pluripotent stem cells (iPS) from adult mouse fibroblasts [9] . Further studies by various groups showed that iPS cells injected into mouse blastocysts were able to produce all tissue types with one study going on to successfully produce mice entirely from iPS cells [10] [11] [12] . Recently, Yamanaka's group was able to reproduce their work in humans, marking another *Address correspondence to this author at the Department of Biological Sciences, National University of Singapore, 14 Science Drive 4, Singapore 117543, E-mail: dbscwk@nus.edu.sg major landmark in ESC research [13] . An independent group has also shown that a different combination of four factors (POU5F1, NANOG, SOX2 and LIN28) [14] can be used to generate iPS from human fibroblasts. The expression levels of key transcription factors are also important in the maintenance of pluripotency. For example, overexpression of Nanog is sufficient to maintain the mESCs in the undifferentiated state even in the absence of leukaemia inhibitory factor (LIF) whereas its suppression leads to differentiation into the extra-embryonic endoderm [3, 4] . On the other hand, overexpression of Pou5f1 induces the mESCs to differentiate into the endoderm and mesoderm whereas its repression leads to differentiation into trophoectoderm [7] .
Several studies have focused on comparing the mESC and hESC transcriptomes with the general conclusion that these two transcriptomes have limited overlap [15] [16] [17] . For instance, LIF-mediated JAK-STAT3 along with BMP4 signaling is required to keep the mESCs in the undifferentiated state [18] . However, in the case of humans, this role seems to be taken over by FGF2 [19] . This is further reflected by a higher preponderance of FGF receptors 1, 3, 4 in hESCs compared to mouse. Conversely, mESCs express high levels of LIFR along with JAK and STAT3 whereas LIFR and JAK have not been identified in hESCs [20, 21] . Further, bone morphogenetic protein (BMP4) which is required to maintain the pluripotent state in mESCs induces trophoblast differentiation in hESCs [22] . A comparison of the key transcriptome studies of mESC and hESC revealed a commonality of only 13-55% transcripts, whereas, an overlap of 85-99% was seen amongst the hESC lines [23] . Thus, from the onset it became clear that though mESCs and hESCs do share a few common components, the differences are too large to be presumptuous of one another emphasizing the need for an extensive characterization of the hESC transcriptome. In this review, we summarize the outcome of hESC transcriptome analysis using a multitude of techniques such as microarray, SAGE, MPSS and EST analysis. We also offer an analysis as to why there is little overlap amongst the outcome of various studies and to what extent understanding the proteome can help resolve this disparity.
THE MANY WAYS OF UNRAVELING THE hESC TRANSCRIPTOME
The unlimited self renewal capacity coupled with their ability to differentiate into cells of the three germ layers and high plasticity has made ESCs the focus of intense research. Our current understanding of the molecular basis of pluripotency in hESCs stems largely from global profiling techniques such as DNA microarray [24] , Serial Analysis of Gene Expression (SAGE) [25, 26] , Massively Parallel Signature Sequencing (MPSS) [17, 27, 28] and Expressed Sequence Tag (EST) analysis [21, 28] . Amongst the various lines used for analysis, H1, H7, H9, H13 and H14 represent the most well studied human stem cell lines [29] .
The pace was set by microarray studies to reveal the preliminary catalogue of stemness genes. In one such early experiment, the human ESC lines, human germ cell tumour cell lines, tumour samples, somatic cell lines and testicular tissue was compared revealing a higher overlap between the ESC and EC transcriptomes [20] . Microarray was also used for comparing the transcriptomes of hESC lines leading to the identification of 92 genes which could possibly represent the ESCs 'stemness' signature [30] . In a later analysis, the same group was able to show that >80% of these 92 genes were downregulated in embryoid bodies [31] providing confidence to the 'stemness' profile. A meta-analysis of the hESC transcriptome mainly comprising the results of microarray analysis was also reported in which comparisons were made with various fetal and adult tissues. One cluster each of hESC genes with high mitotic index genes, CNS genes along with a hESC-specific cluster could be recognized. In addition, there was one cluster which was overexpressed in hESCs but was also present in the majority of the tissues analyzed representing mostly the housekeeping genes [24] . SAGE like other tag-based approaches, has the advantage over microarray in its ability to identify novel transcripts. The first SAGE analysis of the hESC transcriptome was reported for two hESC lines, HES3 and HES4, representing different genetic and ethnic backgrounds [25] . The hESC transcriptome was found to be enriched in genes involved in DNA repair, stress response, apoptosis, cell cycle regulation as well as development [25] . In addition, a much higher level of expression was seen for genes involved in protein synthesis as well as mRNA processing. In fact, transcripts coding for ribosomal proteins were 4-8 times more abundant than in normal tissues. Comparison of HES3 and HES4 transcriptomes revealed an overall similarity in their profiles and the differences could be at least partially attributed to different gender backgrounds amongst other factors. Comparison of the hESC transcriptome with the 21 SAGE libraries from normal and cancer tissues revealed a set of ~200 upregulated transcripts including POU5F1, SOX2, REX1, NANOG, LIN28 and DNMT3B. In addition, comparison with the mESC transcriptome revealed basic similarities such as the preponderance of metabolic enzymes, ribosomal proteins as well as cytoskeletal proteins. However, fundamental differences were found to exist in their regulatory pathways which obliterated a direct comparison [25] . Recently, longSAGE analysis was performed for nine human ESC lines altogether producing 2.5 million tags representing 379,645 unique tag sequences for analysis. Comparison of this ESC meta-library to 247 non-ESC libraries helped in identification of 20,047 tags unique to ESCs and also revealed a prevalence of RNA binding proteins in hESCs [26] . Though, SAGE allows for the identification of novel transcripts, its main drawback is its short length due to which it cannot be directly compared to the genome but only to a reference database such as SAGE map [32] or SAGE Genie [33] . Also, in many instances, tags either show hits to multiple loci or do not show any specific hit. Several strategies have been proposed to overcome this limitation including a reverse SAGE (rSAGE) method [34] which can convert these 'orphan' tags into useful information by generating longer 3 cDNAs. Besides identification of novel genes, this approach proved useful in identification of natural antisense transcripts (NATs), novel introns and new splice variants of known transcripts.
Extensive EST analysis of the hESC transcriptome has also been reported [21, 28] . In one such study, a total of 148,453 ESTs were generated from undifferentiated hESCs and three partially differentiated hESCs to yield 32,000 unique transcripts. The work sought to identify the differentially expressed genes especially with respect to LIF, FGF, WNT and NODAL signaling pathways [21] . While most of the LIF signaling components were not detected, all four FGF receptors were not only expressed but were also upregulated in undifferentiated ESCs. The undifferentiated ESCs also expressed most WNT pathway genes along with several agonists and antagonists of the NODAL pathway.
MPSS profiling has also been done for hESCs wherein three hESC lines (H1, H7 and H9) were pooled for the analysis. Three well known ESC-specific genes, SOX2, DNMT3 and POU5F1 were present in the 200 most abundant signatures. Also, similar to the findings from hESC EST data, components of signaling pathways were detected but their inhibitors were also present, indicating the role of negative regulation in maintaining the undifferentiated state [27] .
Comparison of MPSS data with a previous microarray analysis of six hESC lines reporting a set of 92 stemness genes revealed a ~95% overlap [27, 30] . MPSS was also used for comparing human and mouse hESC transcriptomes. As in other analyses, only few genes were found to be similar including POU5F1, SOX2, BMPR, NODAL, LEFTY, TERT and CRIPTO and major differences in the LIF, TGF , WNT and FGF pathways were identified [17] .
hESC TRANSCRIPTOME: THE SEARCH FOR STEMNESS GENES CONTINUES….
The transcriptome analyses of hESCs have largely focused on the belief that the 'stemness' signature can be defined by a small set of genes which should be enriched in all stem cell populations. However, equally interesting is the fact that there is very little consistency in the key 'stemness' genes identified by various groups. We sifted through the literature to understand whether these findings are a reflec-tion of technical reasons or does it actually mean that no set of genes can actually represent the pluripotent state.
Embryonic stem cells eventually graduate into a diverse array of tissues required during normal human development. A subset of these which become adult stem cells exhibit self renewal and multi-lineage differentiation but do not exhibit the self renewal capacity or the pluripotent characteristic of ESCs [23] . To see if stem cells of different origins possess a similar signature, two studies attempted to compare the transcriptome of ESCs, haematopoietic stem cells (HSCs) and neurospheres. Interestingly, both studies reported ~200 genes representing the 'stemness' signature but only with a 3% overlap amongst them [35] [36] [37] . Similarly, even amongst hESCs, only seven genes were common to three independently published microarray datasets. An attempt to resolve the gap by conducting a re-analysis found 111 and 95 upregulated and downregulated genes, respectively, common to the three studies. Thus, even though the three studies were different in their starting material, data analyses, different versions of annotation databases used amongst other factors, a uniform method of data analysis seems to bridge the difference to an extent [15, 20, 30, 38] .
Most of the molecular profiling studies done in hESCs have been done with the aim of identifying genes implicated in pluripotency. However, few have focused on understanding the differences in gene expression patterns between different ESC lines. Such studies have shown that differences exist not only between different ESC lines but also between the same ESC lines from different labs. For instance, 25% variation in differentially expressed genes between H1 and BG01 [39] and 48% between HSF-1, HSF-6 and H9 [40] have been documented. In another such analysis, microarray was used to compare the transcriptome of seven hESC lines from two independent sources with all the lines subject to similar culture conditions [41] . The hESC transcriptomes were comparable including 8464 common transcripts of which 280 were hESC-specific. In spite of this, a linespecific profile could also be distinguished. Comparisons were also made with similar studies from different labs and an overlap of 30-93% was reported [15, 20, 30, 40] .
Recently, an attempt was made to create a universal expression atlas for ESCs [24] . A total of 38 transcriptome studies based on 28 different hESC lines were compiled and analyzed. They could identify a consensus hESC gene list (1,076 genes) and a consensus differentiation list (783 genes) based on the genes that were commonly overexpressed and downregulated, respectively, in at least three studies. Surprisingly, only one gene (POU5F1) was commonly overexpressed in all the studies and not even a single gene was common to the downregulation list. Some of these large variations, as they themselves point out can be attributed to differences in experimental design and data interpretation.
Thus, from the array of transcriptome studies, it is clear that though there are overlaps, vast differences exist between stem cell profiles at the cross-species level as well as within different lines from the same species. One clearly viable explanation is that the hESCs used in the various studies are presumed to be equivalent in terms of their pluripotent state. However, a major concern is that till now it is not possible to rigorously verify the pluripotent state in hESCs. This should be considered as one of the important factors causing limited overlap between transcriptome as well as proteome studies. Another major reason could be that the disparities are due to technical reasons and have more to do with the experimental design and data interpretation along with variable genetic backgrounds rather than to the actual in vivo condition. Some differences are also expected due to the different methodologies. For instance, the SAGE signature is dependent on the NlaIII recognition site due to which, expression of ~1% of human genes present in RefSeq cannot be detected by SAGE [42] . Also, many identified transcripts do not match to annotated data further complicating the task of effective comparison. Another possibility is that the stem cell signature is not wholly unique and the key genes involved are expressed ubiquitously or possibly are expressed only transiently and hence difficult to detect. In fact the most logical way out of the problem is to analyze raw data from the different transcriptome profiling strategies and apply various statistical tests in order to generate a true representative hESC list. To analyze the basis of differences across various transcriptome data, we sought to compare our lab's SAGE data with the raw SAGE tag information from an independent source [26] . In order to compare the degree of similarity between two different hESC lines from the same lab in relation to the same hESC lines from different labs, we carried out the following two-way comparisons: HES3lab vs HES4lab [25] (Fig. 1a) , HES3Hirst vs HES4Hirst [26] (Fig. 1b) , HES3lab vs HES3Hirst (Fig. 1c) and HES4lab vs HES4Hirst (Fig. 1d) . SAGE data of two different lines from the same lab (Figs.  1a, 1b) were clearly more closely related to each other than the same hESC lines from different labs (Figs. 1c, 1d) . The first question which arose from the outcome of the analysis is whether the datasets from the two labs differed due to the differences in technique with our lab's data based on short SAGE and the latter based on LongSAGE. Alternatively, the difference could be attributed to the status of differentiation of the hESC lines. In order to address the first question, HES3lab was compared with short SAGE data for H9 (www.transcriptomes.org) (Fig. 1e) . The result of this comparison (Fig. 1e) was definitely more similar than either Fig.  (1c or 1d) corroborating that the method used would have a strong bearing on the outcome of the analysis. Further, to find if the three different lab datasets were comparable in terms of quality, HES3lab, HES3Hirst and H9 were chosen for further analysis. All these three datasets were probed for the presence of 95 pluripotency genes common to >8 experiments and 75 differentiation genes common to >6 studies reported in the hESC transcriptome meta-analysis [24] . The HES3lab, H9, HES3Hirst showed an overlap of 66, 75 and 81 to the pluripotency dataset and 31, 34 and 46 to the differentiation dataset. Thus, the three datasets were comparable to an extent and the differences can be attributed to the depth of the analysis in each case.
A PROTEOME VIEW OF THE hESCs
To have a complete insight into the basis of stemness, the proteome should be investigated in parallel with the transcriptome. It is especially important to understand the proteome in terms of protein synthesis, transport, degradation, protein-protein interactions as well as post translational modifications (PTMs) since proteins are at the forefront of cellular functions. Further, there is evidence to show that the mRNA levels reflect only 40% of the changes occurring at the protein level [43, 44] . Thus, proteome analysis could provide new insights into hESC biology and also help identify new markers for stem cells.
Proteomics has been given a boost by improved technologies both for detection as well as analysis and several independent groups have reported the mESC proteome [45] [46] [47] [48] . A proteomic analysis of three hESC lines using 2-DE and MALDI TOF-TOF identified 685 protein spots of which the most abundant included chaperones, heat shock proteins, ubiquitin/proteasome and oxidative stress responsive proteins along with proteins involved in cell proliferation [49] . A similar association of the mESC transcriptome to stress has been reported earlier [36] . In contrast to the mESC proteome where nuclear proteins were the maximum in number, cytoplasmic proteins are the biggest class in the hESC proteome. Further, the protein destination category including proteins involved in folding, targeting, modification and proteolysis represented the largest functional class rather than the metabolism category reported for the mESC proteome [47] . Also, comparison of the hESC proteome with the stemness proteins identified in the mESC proteome revealed an overlap of ~30%. Comparison of the most abundant proteins identified to those reported in a previous hESC transcriptome analysis [40] revealed an overlap of only seven proteins. A large-scale proteome comparison for mESCs and hESCs was reported last year in which a significant advantage was the use of the sensitive FT-ICR-MS/MS technique to compare the proteome profiles in the undifferentiated and differentiated ESCs in humans as well as mouse [50] . A subtractive approach was used to identify hESC/mESC proteins specific to the undifferentiated state. This dataset along with the proteins which were expressed >3 times more in undifferentiated ESCs gave a list of 730 human and 888 mouse proteins. Many of the ESC-specific proteins were found to be related to cell cycle progression. Cross-species differences were expected and were also found between mouse and humans. However, comparison of the mESC and hESC datasets did provide a list of 191 proteins common to both datasets and included known stem cell markers as well as novel proteins. The mESC proteome was also compared with the previously published mESC data to reveal a concordance of 89% [46] and 47% [47] . The higher overlap observed in the former dataset was probably due to the smaller scale of the data (218 proteins) in comparison to the latter study (1790 proteins). The specific function of the candidate proteins emerging out of various analyses can be deciphered through a more targeted approach. Recently, the protein interaction network of Nanog was studied to reveal a large number of nuclear factors as well as multiple co-repressor pathways providing novel insights into the maintenance of pluripotency [51] . Even though the proteome will give a better reflection of what is happening inside the cell, the technical limitations in proteome analysis persist resulting in proteomic data continually falling short of transcriptomic data in terms of magnitude. Thus both the platforms are needed in order to complement each other as well as to improve our understanding of ESCs.
PERSPECTIVE
ESC pluripotency and self renewal capability can be maintained indefinitely under artificial conditions, but a key question is how this ability is guarded in the in vivo condition, i.e. what is the role of pluripotency in normal development and when is it switched off for the sake of differentiation. In contrast to differentiated cells which express ~10-20% of their genes, ~30-60% genes are expressed in ESCs. Evidence exists for the ESC chromatin existing in an open state allowing for the expression of a diverse array of lineage-specific genes albeit at low levels. The presence of these genes might be necessary to receive the necessary cues from the microenvironment but this proposal remains to be validated [23] . Many hESC transcriptome analyses have focused on the search for those genes whose expression is upregulated and also those which become downregulated when differentiation occurs. This combined set could serve as a catalogue for assessing the state of the cell.
To a large extent, our current understanding of mESCs and hESCs has come through transcriptome analysis. Extensive molecular profiling of mouse and human ES cells have shown large differences between the two systems. Recently, epiblast derived stem cells have been reported in mouse and rats [52, 53] which show a higher similarity to hESCs. This finding has lent support to a long held suspicion that the observed differences between hESCs and mESCs could represent altogether different stages of development and hence are not directly comparable. However, in spite of evident differences between mESCs and hESCs, some basic similarities exist such as the central role played by Pou5f1, Nanog and Sox2 in maintaining the pluripotent state in mESCs as well as hESCs [4] [5] [6] [7] 54] . This implies the possibility that the expression levels and activity of a small group of transcription factors play a central role in guiding the fate of stem cells. The specific role of these transcription factors of course depends on the developmental stage of the cell along with the various epigenetic factors. To gain a deeper insight into the role of POU5F1, NANOG and SOX2 in regulation of pluripotency, an attempt was made to identify their downstream targets using ChIP-DNA microaray analysis [54] . Interestingly, POU5F1, SOX2 and NANOG were found to have a certain degree of overlap in the genes they regulate. In addition, they not only co-occupy promoters of their target genes but their binding sites were also found to be close to each other. Furthermore, many of the genes which are regulated by them are also transcription factors. POU5F1, SOX2 and NANOG were found to regulate 3%, 7% and 9% of the known protein coding genes in hESCs, respectively. Analysis of the 353 common set of genes regulated by POU5F1, NANOG and SOX2 showed that these three transcription factors mediate their function by positively regulating their own expression as well as of key signaling pathways in pluripotency and by repressing genes involved in differentiation.
The outcome of ESC transcriptome studies highlight that in addition to cross-species differences which are expected, disparities exist between the outcomes of hESC transcriptome analysis also. It remains to be solved whether the differences in gene expression patterns observed between the different hESCs could be attributed to culture conditions, genetic variation, epigenetic factors or difference in the pluripotent state amongst others or some of these differences may actually turn out to be of some biological significance. It is quite possible that the genes that are not detected through different transcriptome analyses may represent those which are dispensable for the pluripotent state. Thus, possibly the most abundant or differentially expressed proteins in ESCs which are also the targets in most of the studies could be the central players. However, the possibility exists that some other set of ubiquitous proteins are at the core of maintaining the stemness phenotype and have been ignored till now. However, transcriptome analysis has been able to throw in the candidate genes but a detailed characterization is needed especially of the key genes in understanding the basis of pluripotency in stem cells. Also, in addition to the key transcription factors, a large amount of evidence exists for the role of TGF , FGF4, WNT and Notch signaling in the regulation of pluripotency [55] .
Due to their unique capability of self renewal and pluripotency, stem cells had given the promise of its immense potential in cell-based therapies ever since their discovery. However, several milestones need to be crossed before ESCs can get the green signal for human use. Some of the preliminary concerns include the immune response following hESC transplantation, the possibility of terminally differentiating cells reverting to their stemness phenotype and the possibility of stray hESCs which escaped lineage commitment amongst other factors. All these factors can be resolved once we have a complete understanding of the molecular biology of ESCs. This will also aid in crossing the milestone of clinical trials whose outcome needs to be known before stem cells can be brought to use. The generation of iPS cells in mouse as well as humans has also made a significant impact on our understanding of stem cell biology. However, the molecular basis of iPS cells needs to be fully understood before its potential can be fully realized. In the meantime, efforts should be increased to unveil the molecular basis of pluripotency so that the benefits of stem cell research can reach the millions of patients who think stem cells can be the magic potion which will give them the much needed new lease of life.
